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Comment on “Structure of ferrofluid dynamics”
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We compare known equations for ferrofluid magnetization with a recently propestfied Debye theory
[H. W. Muller and M. Liu, Phys. Rev. B4, 061405(2001)] and demonstrate that the latter is unsatisfactory.
Derived by a purely formal method, it contains numerous unknown parameters, fails to explain previous
experiments, and has no heuristic force.
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Muller and Liu[1] have proposed a new system of ferro- Here =3V Xv, h=du/dM (u is the energy densily Vj;
hydrodynamic equations. They claim: “It is important to be :%(Viijervi),Vioj =Vjj —%ka&j ,andg, §, {xy N1y Ay,
aware that we have at our hand a healthy macroscopic theoly, ), representsevenunknown coefficients. The authors
capable of accounting for all phenomena of ferrofluids.” As say that these parameters should be measured, ferrofluid for
for the recognized theory2—4], they declare it to be spe-  ferrofiuid, but treat them in fact dfitting parameters
cial caseor at leastcomplementanto their own ferrofluid Contrary to Eq(1), the conventional magnetization equa-

dynamics. Below we show that their theory is unsatisfactoryyjons are founded on clear physical concepts and do not con-
The conventional theory consists of the phenomenologh[ain unknown parameters. The first of them

cally derived equation of fluid motion, the Maxwell equa-
tions, and the magnetization equation. Just the last undergoes dM 1 1

revision from time to time. The point is that for magnetiza- gVt TV I -

tion M—unlike energy, momentum, or angular momentum— dt = QXM T(M Mo) 6n¢ MX(MxH), (2
there is no corresponding conservation law. Therefore, from

the angle of formal(phenomenologicalthermodynamics, has been derivef?] as a generalization of the Debye relax-
magnetization equation is ill defined: there simply is no placeation equationdM/dt=— (M —M,)/, in the case obpin-

to take it from. For this reason, a peaceful coexistence ofing magnetic grains: their angular velocity differs under the
several phenomenological equations for magnetization offie|ld H from Q. In Eq. (2) r=37V/kgT is the Brownian
solid magnetic materials became possible. The well-knownyitsion time, 674 is the Stokes drag coefficienpE nV is

Landau-Lifshits qnd Gilbert equations for ferromagnetic, andne volume fraction of magnetic grains their number den-
the Bloch, modified Bloch and Bloch-Bloembergen equagjy, \/— 436 is the particle volumi andM, stands for the
tions for paramagnetics differ from each otherrblaxation oo iibrium magnetization. In a stationary magnetic field
terms For ferrofluids there are also possible different mag- , —nmL(&) H/H, where é=mH/ksT, L(£)=cothé
netization equations. They should only not conflict with ther-_O/ dm= ' h B f inal
modynamics, satisfactorily explain known experiments, and L, ant m_MbV IS the magnetic moment of a single
predict new phenomena. Hence it is clear: to derive a magztdomain particle of a ferromagnetic with the bulk magne-
netization equation capable of describing quantitatively exfizaionMy.— ,

periments on positive5—8] and negativ§9,10] viscosity, on Out of equilibrium,M ceases to be a function &f. At
ferrofluid flow induced by rotating magnetic fie[d1—-13,  any moment, however, it can be considered as an equilibrium
magnetovortical birefringencd14] and vorticomagnetic ©one in a specially prepareeffective fieldH, which is tied
resonancg 15,16, it is necessary to apply some steeringwith M by the equilibrium relation: M=nmL(¢;) He/He,
physical ideaAs demonstrated in Refl], the mere obser- whereé.=mH./kgT. This introduced, as a new indepen-
vance of Onsager’s principle of symmetry of kinetic coeffi- dent thermodynamic variable insteadMf The equation for

cients is not enough. He [17],
Muller and Liu[1] derived their magnetization equation
“by means of standard nonequilibrium thermodynamics,” H
e

=QXHg— %(He—H)—LHeX(MXH), (3

that is “from general principles, without reference to the 600
n

angular momentum of ferromagnetic grains” or to any other

specific mechanism. Such a formal application of the com- . . .
mon phenomenological method resulted in the equation 1S the second possible phenomenological equation. As shown
in Ref. [17], Egs.(2) and (3) agree well with general prin-

dM/dt=QXxXM+XP, ciples, i.e., both of them are correct from the standpoint of
o thermodynamics. They are valid in a stationary or low-
Xi'==({3j+ MM+ L €xM ) hj+ N 1MV frequency magnetic fielfl18] and coincide with each other

in the weak field limit,é<1, when the true magnetization
and its equilibrium value take the forml = yH, and M
(1) = xH, wherex=nm?/3kgT is the initial magnetic suscepti-
bility.
Finally, in an oscillating magnetic field of a high ampli-
*Electronic address: shliomis@bgumail.bgu.ac.il tude (¢>1) and frequency@r>1), one should employ the

+)\2MlVﬂ +)\3MiMijV?k+)\4EijijM|VI(()I .
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effective field theoryEFT). The latter represents the magne- 208 0 o
tization equation derivedmicroscopically [19] from the
Fokker-Planck equation. Predictions of EFT are well cor-
roborated by all known experiments and direct numerical 15
methodg20,21]. The EFT performs better than phenomeno-
logical Eqgs.(2) and(3): the potential of microscopic theory
is much greater than that of any macroscopic approach. Thus z 9 |
we feel the declaratiohl] “Theoretically, there never was
any reason to give Debye less credit than EFT” is wrong in
principle. 5 F
The authors claimed: “Both the Debye thedif#q. (2)]
and the effective field theory by Shliomis are shown to be
special casesf the new set of equationf&q. (1)].” To con-
firm this statement, they offered “the followingarticular 0 1 2 3 4 5 6
choicé€ of their free parametersh{=N,=A3=A4={« =0, ot

* 0.7
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FIG. 1. Map of viscosity, the isolines of reduced viscosity
(&g, 07) 9, (2,0)=C for —0.7<C=<+0.7 in the plane of di-

M, M3 1 (Mg M 1 i i i
= _oJr 0 {)= o Mo} mensionless field amplitudé, and frequencywr, as calculated
H 679 °l M2\ dH H 67 from Debye-like Eq.(2). Here ,(=,0)=35¢/2 (the saturation
value.

Such expressions evidently cannot be guessed. Hence thige one. As seen, the figures are rather alike. Experimentally
choicedisplays the need of the conventional theory to fill theobtained isoline$9,10] are very similar to those in Fig. 2.
formal schemd 1] with a physical meaning. ML presented their own explanation of the experiment
Muller and Liu (ML) especially emphasize in EL) the  [9]. Assuming M=Ay=A3={={x=0 and h=H,—H,
term with A, coefficient, since it “shows that in addition to they reduced Eq(1) to the equation
the vorticity 2, compressional and elongated flow may also
contribute to the dynamics d¥1.” They do not point out,
however, any physical reason for the contribution. Mean-
while such a term was introduced long 4@&] to generalize
the theory[19] in the case ohonsphericalmagnetic grains.
Indeed, even in a symmetric flowf}(=0,V; #0) they re-
volve with an angular velocit@;V,,, whereA;,, depends
on the particle shape. All components of the tensor vanish fo
a sphere: symmetric flow cannot rotate a spherical grain and" Mo)/7. L
thereby cannot alter an orientation of its magnetic moment, Generglly, the'Debye equation IS fundamental as much as
Martsenyuk{22] has considered magnetic grains of arbitrarythe very irreversible thermodynamics and has no need for

shape and shown that there are seven independent compacﬂy rectification. In accordance with principal propositions

nents of ferrofluid viscosity in the general case and six com-Of the theory, the ratelz/dt of change of any valua is

ponents for suspension of uniaxial ellipsoiggth semiaxes determined by thesame valgeat the same mpmgndz/dt

a#b=c). He has found the viscosity coefficientsaslicit f(z1). So, ifzweakly deviates from |_ts_ equilibrium value
functions of the field¢ and the parameter of nonsphericity Zo, One can expanii(z) overz—z,. Confining oneself to the
k=(a?—b?/(a%?+b?), whereas; and\; in Eq. (1) areun-

dM/dt=QXM — {(He—H), (4)

which they have referred to as thectified Debyeheory. In
fact, however, this equation represents a curtdilgorid of
Egs.(2) and(3): the relaxation terni(H.—H) belonging to
E\(/q‘. (3) is substituted into Eq(2) instead of its own term

20 T T T T

known functions of these parameteré-or quasispherical =07

particles, k<1, the theory[22] gives\,x ). So, as usual, +-05

statistical thermodynamiggelds morethan the phenomeno- ::8:?

logical one. 15 *0
Mdller and Liu[1] wrote: “When the negative viscosity ©+0.1

experiment of Bacret al.[9] contradicted théebye theory 2:82

Shliomis referred to a more elaborate evolution equation for s 10 0407 1

M [19]" (the references are numbered here as in the Com-

men). The above statement misrepresents the facts. First, the

negative viscosity has been predic{@8] just on the basis of 5k ]

Debye-like Eq.(2). Second, this prediction contradicts nei-

ther experimenf9] nor EFT. Maps of rotational viscosity,

in a harmonically varying magnetic field are displayed in 0 : L . :

Figs. 1 and 2. The isoliney,(&,wr)=0 divides the 0 L 2 (gt 4 3 6

amplitude-frequency plane into two parts: the left-hand part

of the positive viscosity and the right-hand part of the nega- FIG. 2. Same as in Fig. 1, but calculated by EFT.
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linear term, we arrive at the Debye relaxation equationbeen supposeld 6] that the spectrum originates froohains
dz/dt=—(z—zp)/ 7. Let us suppose now thatis a function  formed out of the grains. The probabili&y of N-particle
of x and reaches its equilibriumm=z, at x=x,. Then the chain formation depends on the parameter of magnetodipole
functiondz/dt=1f(z(x)) can be expanded ov&rx,, which interactione=2m?/dkgT and the particle concentratiaf.
results in therectified Debyeequationdz/dt=—{(x—Xg) Averaging the single-particle expressions fgr and |y |
using ML terminology. However, the coefficietit—unlike 7 over the chain lengths with the distribution functiby, has
in the true Debye equation—is not a constant but representgelded aperfect agreementith experimental data of Ref.
a function of xo. Only in the low field limit, whenM [16]. The best fit was reached with the valee 5, which is
= yH, does{ reduce to the constani= y/ 7, whereupon Eq. close to an independent evaluaties 5.3 coming from mea-
(4) transforms intdinearizedEqg. (2). But for a finite mag- surements. The functioRy has made it possible to compute
netic field strength{ is anunknown functiorof H. the mean magnetization relaxation tinje)=5.2r,. Con-
Authors of the theonf1] claimed: “Employing Eq.(4), trary to the case of solid rotation, neither the resonance of
we reevaluated the experimef@] and found convincing |x,| nor the drastic fall ofy, was obtained for a Couette
agreement, see Fig. 1.” Although the figure clearly demon-shear flow. It indicates that long relaxation times associated
strates the absence of any agreement, it is worth looking atith the most long chains do not exist any more in the spec-
the way the agreement is achieved. trum: the sheafracturesthe chains.
First, in Sec. Il Ait is asserted that thectified DebyeEq. To describe the experimefit6] by Eq. (1), ML kept in
(4) is valid only in the weak field limit¢é<1. Later on, XP two terms—with coefficients’ and \,. For the flow
however, this equation is used uphic=3000 Oe(see Fig. 1  under considerationy=v,(r), both the vorticity
in Ref.[1]), i.e., toé=15. In such a strong field theonlin-  =¢;,{), and the shear rat¥;, have single nontrivial com-
ear relaxation termwith the double vector producbelong-  ponent:Q), ,=(dv/dr—uv/r)/2V,,=(dv/dr+uv/r)/2. In the
ing to Egs.(2) and (3) but missingin Eq. (4) predominates case of solid rotationy =Qr, there areQ,,=Q andV,,
over the linear term and then should be taken into accountQ, so the\, term vanishes whereupon Ed) leads to the
without fail relationships of Ref.16] with 7= x/¢. The authors treat as
Further, to fit the data measured in Rid] one needs to g fitting parameter but do not indicate its value used for the

know some fluid parameters. “For lack of pertinent ferro- fitting. Analyzing their Fig. 2a), we conclude they took
fluid specification,” the authors “used the saturation magne-_ 7 s which is 17 times larger than the single-particle

tlzatlon!\/lsz ;27 G and the initial sg;cepumh_tyzl." The time 7p=1.6 ms and 3.2 times larger than the mean relax-
authors’ desire to have two additional fitting parameters

ation time( 7). However, neither this incongruous valuewof
looks strange at least, because all necessary datd Jand nor any othersolerelaxation time can provide a satisfactor
x are given in Ref[9]. Indeed, we find there the bulk mag- y P Y

S . . agreement with the experimdit6]. As noted above, such an
netization of the cobalt ferrite particléd, =400 G, the vol- : ; : )
ume fraction of the particlegs= 20%. and their mean diam- agreement is reached only with due regard for the wide spec

me . . . trum of magnetization relaxation times. Miller and Lili]
eterd=10 nm. MultiplyingM, by ¢ we immediately obtain . - ;
M.—80 G, which is far from the value 127 G used in Ref. estimated\, from fitting the decay ofy, | in the shear flow

P ) . . case ,,#V,,#0). Their estimate\,=2.54 does not in-
[1]. Substituting therM,, Mg, andd in the relationshipy . rel “re’ =/ -
~ 7d®M M J/18ksT, we gety—0.14[24] which is also far still a confidence since for the fitting they used the same odd

. value of =27 ms.
from unity.

Finally, two enigmatic curves featured in Fig. 1 of REf] In conclusion, the pure formal approach to the construc-
allegedly represent the EFT results “as gleaned from Fig. lon of ferrofiuid dynamicg 1] would have been perhaps ap-

. p i . ropriate 30 years ago, i.eeforethe modern ferrohydrody-
ggga;t”;lt al.[9]." But in the last figure there are no such namics was created. Of course, the existing theory is

o . t of the Bacri 1 id incomplete and open to criticism. First of all, it should be
eredniﬁ ngr[el]e}slPrﬁgTuennda?nenfal §l>(<:”e?irr(n)glr:ft3 hlzscgirés'la- edgeneralized in the case of large coupling constant10,
L P . ; Payedand high particle concentratiogh=20%. Both these factors
a close connection between thegative viscosityand the

vorticomagnetic resonancéerrofluid was exposed to solid lead to association of magnetic grains into the above-
X 9 . pOSe mentioned chains and clusters. Such a generalization de-
rotation with an angular velocit§2 around the axis of cyl-

inder (axi . lati i fieldH mands methods that are not formal and calls for new physi-
|£1Her aX|ts 'I%% n ti'n OISC'. a 'ngt magnotla It?\ |eﬁ X cal ideas. An important place among them will be taken by
~HoCOSwl. The rolational VISCosityr, an € ofi-axis concepts of polymer physics. Some of them have already
component of magnetizatioll, =y, H, were measured si-

| V. Accordi Edo h N q been applied well in the physics of magnetic colloids. As for
multaneously. ccording to Ed2), 7 Changes Its sign and pRef, [1], we see no reason to believe that this theory, which
|x.| has the maximum at the same field frequenrey; Q, if

. . , is not able to describe satisfactorily evelilute magnetic
Q7 is large enough. Predicted dependencies have appeargqd,oids would now be valid fodenseones.
however,too smoothn comparison with the experimentally '

observedsharp-edgeesonance peak ®fl, and thesteep fall | thank K. Morozov, R. Rosensweig, and M. Zaks for their
of 7, nearo={(). Such a behavior gives sure signals of thecomments on the manuscript, and Alexei Krekhov for pro-
presence of avide spectrunof relaxation timesr instead of  viding Figs. 1 and 2. This work was supported by Grant No.
only one Brownian timery for single magnetic grain. It has 336/00 from the Israel Science Foundation.
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